INTRODUCTION
Greywater is the fraction of wastewater arising from laundry, showers and bathroom sinks (Gross et al. 2005; Abu Ghunmi et al. 2011; Chaillou et al. 2011; Reichman and Wightwick 2013) . The separation of greywater from blackwater (water containing bodily waste such as urine and faeces) and its subsequent reuse is emerging as a potential water management tool (Adrover et al. 2012; Mohamed et al. 2013; Reichman and Wightwick 2013; Maimon, Friedler and Gross 2014) . Even in areas where water shortage is not typically an issue, greywater diversion may be practiced as a means of disposing excess water (Waller and Kookana 2009; Harrow and Baker 2010) , or to relieve struggling domestic infrastructure such as failing on-site wastewater treatment systems (Siggins et al. 2013 ). This activity is often undertaken with little or no knowledge of the potential environmental impacts of such practices (Cass, Beecroft and Lowe 2012) .
Depending on the consumer choices of the homeowners, untreated greywater may contain a range of contaminants. These include inorganic contaminants such as metals (Eriksson and Donner 2009 ) and salts (Gross et al. 2005) ; there may be microbial contamination, with faecal indicator bacteria (Friedler 2004; Winward et al. 2008) , pathogens (Staphylococcus aureus and Pseudomonas aeruginosa; Gross, Kaplan and Baker 2007) and protozoa (Giardia; Birks, Colbourne and Hobson 2004) , all previously reported in domestic greywater samples. More prevalent is the presence of organic contaminants such as compounds commonly found in personal care products (e.g. fragrances and musks and antimicrobials (Casanova, Gerba and Karpiscak 2001; Jefferson et al. 2004; Palmquist and Hanaeus 2005; .
Triclosan (TCS, 5-chloro-2-(2,4-dichlorophenoxy) phenol) is a widely used antimicrobial compound (Daughton and Ternes 1999; Harrow and Baker 2010) commonly found in toothpastes, hand washes, sports clothing and plastics (McMurry, Oethinger and Levy 1998a) . It has been detected in greywater at concentrations ranging from 0.075 to 16.6 μg L −1 (Almqvist and Hanaeus 2006) . In the environment, TCS continues its antimicrobial action, which is generally agreed to be inhibition of the enoyl-acyl carrier protein reductase enzyme (Fab1), involved in the synthesis of fatty acids (McMurry, Oethinger and Levy 1998b; Stewart et al. 1999 ). On a microbial community level, previous studies have indicated that microbial functions such as respiration and enzyme activity and microbial stress levels in soil are affected by the presence of TCS (Waller and Kookana 2009; Butler et al. 2011) . Butler et al. (2011) investigated the impacts of TCS on basal respiration and substrate-induced respiration (SIR) in Australian soils. It was shown that TCS may inhibit both parameters at concentrations as low as 10 mg kg −1 (Butler et al. 2011) . Waller and Kookana (2009) demonstrated a significant decrease (P < 0.05) in SIR in a silty clay loam soil at concentrations of TCS > 10 mg kg −1 when compared to the control soils. Concentrations of TCS as low as 4 mg kg −1 (soil dry weight) have been shown to affect cultivable microbial populations by significantly changing community structure by enriching for TCS-resistant species. This was measured by terminal restriction fragment length polymorphism (Svenningsen et al. 2011) . Triclosan may persist in the environment due to its chemical properties. It has a high affinity for organic matter due to its high log K ow of 4.7 (octanol:water partition coefficient)-compounds with a log K ow ≤ 4 are considered to have a high sorption potential (Dhillon et al. 2015) . In addition, it is nonvolatile (5.3 × 10 −4 Pa at 20 • C; Dhillon et al. 2015) , modestly soluble in water (10 mg L −1 at 20 • C; Dhillon et al. 2015) and does not hydrolyse easily (Aranami and Readman 2007) . Consequently, it will readily adsorb to organic particles in soils (Butler et al. 2011; McNamara and Krzmarzick 2013) . Furthermore, studies in desorption kinetics between TCS and soil have indicated that desorption rates are lower than adsorption rates (Agyin-Birikorang, Miller and O'Connor, 2010) , suggesting that TCS has the potential to accumulate, as well as to persist, in soil. In the environment, TCS is resistant to chemical degradation, with no decrease in concentration observed for up to 70 days in sterile soil (Ying, Yu and Kookana 2007) . When investigating biological degradation, Ying, Yu and Kookana (2007) found little decrease in TCS concentration after 70 days under anaerobic conditions, whilst another study reported microbially mediated degradation in anaerobic soils, with a half-life of 15.3 days (Carr et al. 2011) . There is, however, no clear explanation for the discrepancy in these degradation rates. Under aerobic conditions, biological degradation of TCS has been repeatedly observed, with reported half-life values ranging from 5.9 to 20 days (Ying, Yu and Kookana 2007; Xu, Wu and Chang 2009; Carr et al. 2011) .
Several studies have investigated TCS degradation by soil microbes (Ying, Yu and Kookana 2007; Xu, Wu and Chang 2009; Carr et al. 2011 ). Even at low concentrations, Xu, Wu and Chang (2009) found that a 10-fold increase in TCS concentration (from 0.1 to 1 mg kg −1 ) increased the half-life of the compound in soil from 13.59 to 19.97 days. They hypothesised that the increased persistence could be attributed to inhibition of the degrading microorganisms. If the soil microbial community is overwhelmed by high concentrations of TCS, soil health may be compromised and the biological degradation mechanism could fail. This situation may occur in circumstances where greywater containing TCS is routinely disposed of to the soil over long periods of time (Siggins et al. 2016) . Therefore, this study aimed to investigate the environmental impacts of accumulated TCS in soil. This was carried out by first deriving an EC 50 for TCS in soil using concentrations of 0, 500, 1000, 1500, 2500, 5000 and 7500 mg kg −1 and investigating parameters such as sulphatase activity and microbial biomass. Secondly, the temporal changes in SIR after initial TCS exposure were investigated at the same concentrations.
MATERIAL AND METHODSSOIL COLLECTION AND MICROCOSM EXTRACTION
A composite sample of 30 kg of a silty clay loam soil from dairy pasture was sampled to a depth of 30 cm at Lincoln University dairy farm (Christchurch, New Zealand; 43
• 38 11.70 S,
172
• 26 17.00 E). The soil was transported to the laboratory within 48 hours and stored at 4 • C. Debris was removed and soil was homogenised by sieving to 2 mm. Soil was adjusted to 60% waterholding-capacity and incubated at 25
• C for 7 days to establish a stable microbial community (Waller and Kookana 2009) . Sterile glass jars were used for a microcosm series, containing 50 g of bulk soil, and a final concentration range of 500, 1000, 1500, 2500, 5000 or 7500 mg TCS kg −1 dry weight of soil, in triplicate.
These high TCS concentrations were employed as previous unpublished work in our laboratory had indicated that these concentrations would be required to invoke a dose response in this soil type. Due to the low solubility of TCS in water (10 mg l −1 ;
(EU-SCCP 2009), TCS solution was prepared in acetone at concentrations of 2.5, 5, 7.5, 12.5, 25 and 37.5 mg TCS mL −1 acetone, and the soil was spiked according to Brinch, Ekelund and Jacobsen (2002) to minimise the impact of the organic solvent on the soil microbes. Briefly, 1 mL of the TCS solutions were added to 12.5 g soil aliquots, mixed and left overnight in the dark at ambient temperature to evaporate residual acetone. The waterholding-capacity was re-adjusted to 60% and a further 37.5 g of soil was added to three times 12.5 g aliquots and thoroughly mixed to give a total soil mass of 50 g. A triplicate 0 mg TCS kg −1 sample, containing acetone, but not TCS, was used as a control. A triplicate water control was used to identify the effects of acetone addition, but none were observed so these results are not presented. Microcosms were incubated at 25
• C for 20 days.
Substrate-induced respiration
A subsample of soil was taken from each of the triplicate microcosms (0.35 g ± 0.1 g) on days 0, 6, 10, 17 and 20 and was analysed for SIR. Analysis of SIR was performed using the MicroResp system (Macaulay Enterprises Ltd, Aberdeen, Scotland) as described by Campbell et al. (2003) , with glucose as the substrate. Values were expressed as μg CO 2 g −1 dry weight soil h −1 .
Microbial biomass
A subsample of soil taken from each microcosm on day 17 was analysed in triplicate (2 g ± 0.002 g) using the fumigationextraction method of Vance, Brookes and Jenkinson (1987) with modifications suggested by Sparling et al. (1990) . Day 17 was chosen for this analysis as this was within the range of literature values for TCS's half-life in an aerobic soil. Extracts were analysed for total organic carbon with a Shimadzu analyser (TOC-5000A, Kyoto, Japan). Values were expressed as μg C mic g −1 dry weight soil. To determine EC 50 and EC 20 values, microbial biomass values were related to the range of TCS concentrations using the sigmoidal dose response equation developed by CSIRO, Australia (Barnes, Correl and Stevens 2003; Smolders et al. 2004) , which is based on the model developed by Haanstra, Doelman and Voshaar (1985) , and detailed in Horswell et al. (2014) 
Microbial metabolic quotient
The microbial metabolic quotient (qCO 2 ) was determined according to Anderson and Domsch (1986) by calculating SIR/microbial biomass for the samples analysed on day 17. Values were expressed as μg CO 2 mg −1 C mic h −1 .
Sulphatase activity
A subsample of soil taken from each microcosm on day 17 was analysed in triplicate (0.5 g ± 0.002 g) using the method described by Speir (1984) and Tabatabai and Bremner (1970) with slight modifications. Briefly, 0.5 mL potassium p-nitrophenol sulphate was added as a substrate to 0.5 g soil samples. An additional 0.5 g soil sample, to which no substrate was added, was analysed as a control. Values were expressed as μg pnitrophenol formed g soil −1 h −1 .
Statistics
Microsoft Excel 2010 was used for statistical analysis, including one-way analysis of variance for all data sets. For SIR data, a linear regression analysis of the change in values over time was calculated and the slope of the regression lines was determined. Standard errors indicating upper and lower limits were calculated (=std. dev./ √ n; where n = number of replicates). A post hoc analysis was performed using a Tukey HSD pairwise comparison of the means. Results were considered to be statistically significant when P < 0.05.
RESULTS AND DISCUSSION

Microbial biomass
When compared to the control soil, microbial biomass was significantly reduced at all TCS concentrations (P < 0.05; Fig. 1 ), in addition, microbial biomass was inversely correlated with increasing TCS concentration on day 17 (Fig. 1) . At 500 mg TCS kg −1 a 33% decrease in microbial biomass was observed compared to the control soil (Fig. 1) . Biomass was observed to be inversely proportional to TCS concentration and an 86% decline in biomass was observed at 7500 mg TCS kg −1 . Observed decreases in biomass are likely due to the antimicrobial activity of TCS acting on the indigenous microbial community. After the irrigation of soils with a synthetic greywater containing 2.0 μg mL −1 , Harrow, Felker and Baker (2011) demonstrated changes in the microbial community. Changes in microbial numbers were also observed. Similarly Drury et al. (2013) also observed changes in the microbial community structure in artificial streams when exposed to TCS. Butler et al. (2011) showed that very high doses of TCS (1000 mg kg −1 ) depressed soil microbial biomass. Butler et al. (2011) also observed acclimatisation to TCS after redosing and postulated that after the initial dose, the more TCSresistant members of the community were able to use TCS as a substrate. TCS could therefore function as a toxin as well as a carbon source. Bacteria are expected to be more sensitive to TCS than fungi, as fungi have a different mode of fatty acid synthesis. Butler et al. (2012a) used phospholipid fatty-acid analysis to show that TCS dosing altered the soil phenotypic community, and affected the fungi:bacteria ratios. They found that lower concentrations of TCS had little if any effect on fungi:bacteria ratios, but higher TCS concentrations increased fungi:bacteria ratios (Butler et al. 2012a) . They also found that the response after redosing was negligible, indicating that the initial exposure had potentially selected for the TCS resistant species and that this was a form of community level adaptation (Butler et al. 2012a (Ying, Yu and Kookana 2007; Xu, Wu and Chang 2009; Carr et al. 2011) .
With the routine use of products such as toothpaste and mouth wash containing TCS at 0.3%, it is possible that approximately 432 g of TCS could enter the environment from a single household's greywater over a period of 10 years. Even if we assume 50% breakdown over time, the accumulated TCS could be close to 216 g. (Butler et al. 2012b) found that the bulk of the TCS remains in the top 10 cm of soil, and assuming a receiving area of 10 m 2 , the total accumulated amount of TCS could come close to 216 mg kg −1 (dry weight soil with a bulk density of 1:1). This value exceeds the EC 20 value of 195 mg kg −1 determined by our study.
Substrate induced respiration
Temporal analysis of SIR showed that a decline from days 0 to 6 was generally observed (Fig. 2) . From days 6 to 20, SIR generally increased at all TCS concentrations (Fig. 2) . Regression analysis Figure 2 . SIR investigated TCS concentrations on days 0, 6, 10, 17 and 20. Error bars denote standard error (standard deviation/ √ n; n = number of replicates). Brackets and ' * ' denote TCS concentrations where regression analysis showed a statistically significant (P < 0.05) increase in SIR from days 6 to 20. Lower case letters above day 20 values denote statistical significant as determined by one-way analysis of variance, where the same letters indicate no significant difference, and different letters indicate a significant difference (P < 0.05).
showed that this was significant (P < 0.05) for soils exposed to 500, 5000 and 7500 mg TCS kg −1 ; however, one-way analysis of variance confirmed that on day 20 the SIR at these concentrations was significantly lower than the control. Initial declines in SIR (days 0 to 6) are likely due to a combination of factors that may have altered the phenotypic community structure and impacted processes such as SIR. Potential influencing factors are detailed in Butler et al. (2012b) but include physical disturbance by stirring and sieving; regular sampling reducing the amount of soil in each microcosm; incubation at 25
• C; exposure to the acetone used for TCS addition; exposure to TCS. The soil was pre-incubated at 25
• C to minimise the impact of temperature change, but it may be that the community had not stabilised prior to TCS addition or that the soil had not had a sufficient length of time for the acetone to evaporate prior to sampling. However, the final acetone concentration was 2%, which is less than the 2.5% recommended by Brinch, Ekelund and Jacobsen (2002) to avoid disturbance to the soil community and the control contained acetone with no TCS, to identify the potential impacts of acetone on the soil microbial community. Based on this, it is still likely that TCS contributed to the initial decrease in SIR. Inhibition of SIR by TCS has previously been reported for the first 6 days (Liu et al. 2009 ) and 7 days (Butler et al. 2011) of microcosm studies. Increases in SIR following day 6 in all treatments indicate that the soil microbial community was capable of recovery after an initial dosing event, even at high TCS concentrations. It is possible that the initial decrease in SIR was a result of the loss of phenotypes that were sensitive to TCS, and the remaining microbes were capable of mediating its degradation, or at least functioning in its presence. Butler et al. (2011) found that redosing with TCS resulted in a less obvious inhibition response and by day 7, TCS-spiked microcosms generally exhibited higher SIR than the control. Butler's study hypothesised that TCS acted as a substrate at low levels, particularly following redosing, as the initial spiking may have selected for a TCS-resistant/tolerant community (Butler et al. 2011 ). Liu et al. (2009 observed higher cumulative CO 2 produced in microcosms with TCS concentrations ≥10 mg kg −1 than at lower TCS. They attributed this to the reduced availability of TCS in the microcosm as a result of biological degradation. The concentration range of TCS in our study (500-7500 mg kg −1 ) was much higher than the range (10-1000 mg kg −1 ) used by Butler et al. (2011) , or the range (0.1-50 mg kg −1 ) used by Liu et al. (2009) . It is possible that at these higher concen- 17. The microbial metabolic quotient (qCO2) was determined according to Anderson and Domsch (1986) by calculating SIR/microbial biomass for the samples analysed on day 17. Values were expressed as μg CO2 mg -1 C mic h -1 . Differences of statistical significance (P < 0.05) between the TCS samples and the control, calculated using Tukey's HSD test, are denoted with asterisk.
trations some TCS was used as a substrate by tolerant microbes, however, not to the extent that SIR was elevated beyond that of the control microcosms. Instead, the toxic effect of TCS on the soil microbial community is more apparent.
Microbial metabolic quotient
Microbial biomass and SIR data from day 17 of the microcosm experiment were used to calculate qCO 2 . This is a measure of the efficiency with which the available carbon is converted to microbial carbon (Frazão et al. 2010) , and is a bioindicator for environmental stress (Anderson and Domsch 1993) . In our study, the increase in qCO 2 was directly correlated to increasing TCS concentration (Fig. 3) .The differences between the TCS exposed soils and the control soils were only significant at the highest TCS concentrations (7500 mg kg −1 ; Fig. 3 ). The qCO2 findings alone are insufficient to state that TCS impacted on the microbial community, as conflicting results have been reported using this parameter (Wardle and Ghani 1995) . However, the implications for a loss of diversity in the soil ecosystem are high, and may directly affect soil health and ability to sustain growth. Consequently, this study also investigated sulphatase activity to determine the impact of TCS on another soil health parameter. 
Sulphatase activity
Sulphatase enzyme activity on day 17 indicated an inverse relationship with TCS concentration (Fig. 4) . The reduction in enzyme activity compared to the control was significant (P < 0.05) for the three highest TCS concentrations (2500, 5000 and 7500 mg kg −1 ; Fig. 4 ). There appears to be a correlation between the decrease in microbial biomass and sulphatase activity in response to increasing TCS concentrations, indicating that the microbial species capable of catalysing the hydrolysis of ester sulphates may be susceptible to the toxic effects of TCS. At the highest measured TCS concentration (7500 mg kg −1 ), sulphatase activity was 59% compared to the control, so it was not possible to determine EC 50 and EC 20 values based on sulphatase activity data.
CONCLUSION
This study showed that an increase in TCS concentration can induce stress in the microbial community at concentrations as low as 195 mg kg −1 (EC 20 for biomass). Some soil properties were more sensitive to TCS than others which highlights the importance of measuring more than one index of soil health. Over time, the microbial community displayed potential for recovery, although full recovery to that of the control sample was not observed by the end point of the study. It seems that TCS exhibited selective toxicity on susceptible microbial groups, allowing the tolerant or resistant species to benefit.
If there are continuous inputs of TCS into the environment, for example, from applications of greywater, it is possible that TCS could accumulate to concentrations that may affect the soil microbial population in a receiving environment. TCS is readily degraded in the environment; thus, it is important that greywater reuse and disposal is regulated to avoid any potential environmental impacts.
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